Over the past few years, the development of novel adhesives for biological soft tissue adhesion has gained significant interest. Such adhesives should be non-toxic and biocompatible. In this study, we synthesized a novel solid adhesive using nanostructured hydroxyapatite (HAp) and evaluated its physical adhesion properties through in vitro testing with synthetic hydrogels and mice soft tissues. The results revealed that the HAp-nanoparticle dispersions and HAp-nanoparticle-assembled nanoporous plates showed efficient adhesion to the hydrogels. Interestingly, the HAp plates showed different adhesive properties depending upon the shape of their nanoparticles. The HAp plate made up of 17 nm-sized nanoparticles showed an adhesive strength 2.2 times higher than the conventional fibrin glue for mice skin tissues.
Introduction
Adhesives for soft tissues have been used since 1960 as a substitute for suture [1] . Currently, three main types of tissue adhesives are used clinically: cyanoacrylate [2] , gelatin-resorcinol-formaldehyde [3] , and fibrin [4] . However, these tissue adhesives suffer either from biocompatibility (for cyanoacrylate and gelatin-resorcinol-formaldehyde adhesives) or bonding strength (for fibrin adhesives) issues [1] .
Pressure-sensitive adhesives consisting of synthetic rubbers and tackifiers have also been widely used for skin-contact applications [5] ; however, their adhesion effectiveness is relatively low because of their hydrophobic nature.
There has been a significant interest in developing nanostructured solid adhesives, which offer many advantages over conventional pressure-sensitive adhesives [6] . Gecko-inspired nanostructured solid adhesives have been developed with soft organic polymers (polyimide [7] and polyurethane (PU) [8] [9] [10] ), hard organic polymers (polypropylene [11] ), inorganic polymers (polydimethylsiloxane [12] [13] [14] ), and ceramics (carbon nanotubes [15] ). Recently, Rose et al. [16] showed that a strong and rapid adhesion between two hydrogels can be achieved by using nanoparticulate adhesives; for example, by spreading a dispersion of SiO 2 nanoparticles in between the two gels. They claimed that the adhesiveness of SiO 2 nanoparticulate adhesives depends on the ability of SiO 2 nanoparticles to adsorb onto polymer gels (and hence SiO 2 nanoparticles act as connectors between the polymer chains) and depends on the ability of polymer chains to reorganize and dissipate energy under stress when adsorbed onto nanoparticles. They also reported that carbon nanotubes and cellulose nanocrystals, which do not 4 bond hydrogels together, act as adhesives when their surface chemistry is modified. The abovementioned nanostructured solid adhesives are developed for industrial uses. For clinical applications of solid bioadhesives, there is a need for more biocompatible and biodegradable materials.
Hydroxyapatite (HAp) is recognized as a major inorganic component of human hard tissues (bones and teeth), and synthetic HAp, a type of bioceramics, exhibits a high biocompatibility (i.e., nontoxicity) [17, 18] and excellent cell adhesion properties [19] . Therefore, HAp and its composites with polymers or metals have been widely used in orthopedic, dental, and tissue engineering applications [20] [21] [22] . Other important applications of HAp include their use in drug delivery carriers [23] [24] [25] and liquid chromatographic packing [26] by utilizing favorable adsorption capacity of the HAp surface for biomolecules such as proteins [27, 28] .
In this context, we hypothesized that the adhesiveness of nanoparticulate adhesives for soft tissues would be improved by the use of HAp because of its affinity for extracellular matrix organics [29] [30] [31] .
Therefore, we first evaluated the application of HAp-nanoparticle dispersions as nanostructured solid adhesives using model hydrogels and then investigated the influence of the morphology of HAp nanoparticles and the solid content of the HAp-nanoparticle dispersions on gel adhesion. Additionally, in order to increase the adhesion strength, HAp-nanoparticle-assembled plates [32, 33] were fabricated for application as an adhesive material for hydrogels and mice soft tissues.
Materials and methods

Materials
Unless otherwise mentioned, all materials were of reagent grade and were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). All materials were used as received. Milli-Q water (Millipore Corp., Bedford, MA, USA) with a specific resistance of 18.2 × 10 6 Ω·cm was used.
HAp-nanoparticle dispersions
HAp nanoparticles with different sizes were prepared according to the method described in a previous study [34] . Briefly, an aqueous solution of calcium nitrate (42 mM, 800 mL), whose initial pH was adjusted to 10 by adding a 28% ammonia solution to it, was poured into a 1 L reactor equipped with an inlet for nitrogen and a magnetic stirrer. Once the temperature of the reactor reached a predetermined value (30, 50, or 80 °C), an aqueous solution of diammonium phosphate (100 mM, 200 mL) was added to the reactor at a feed rate of 2 mL/min, and the resultant mixture was stirred for another 24 h at the same temperature. The resulting product was then centrifugally washed until the pH of the solution became neutral. Then, the product was redispersed in water. The concentration of the HAp dispersion was determined by gravimetry. This concentration was adjusted before using the dispersion by adding/removing water to/from it after the centrifugation.
The particle morphology was observed by scanning electron microscopy (SEM) using a JSM-6701F microscope (JEOL Ltd., Tokyo, Japan). The microscope was operated at 5 kV after drying the dispersions. Each dispersion was dried on an aluminum stub and was coated using an osmium coater 6 (Neoc-Pro, Meiwafosis Co. Ltd., Tokyo, Japan) at an electrical discharge current of 10 mA and a degree of vacuum of 10 Pa for 10 s. The particle size was determined from the SEM images using an image analysis software (Image J; National Institutes of Health (NIH), Bethesda, MD, USA). The particle size was expressed in the form: a number-average value ± standard deviation (N = 50). Product identification (Fig. S1 ) was carried out using X-ray diffraction (XRD) measurements (RINT2500HF; Rigaku Corp., Tokyo, Japan) with Cu Kα radiation (generated at 40 kV and 200 mA) at a scanning rate of 2°/min at room temperature.
HAp-nanoparticle-assembled plates
Each aqueous dispersion of HAp (4 wt%) was degassed and a part of the degassed dispersions (300 µL) was transferred to a polypropylene (PP) mold (7 mm in width × 7 mm in length × 0.3 mm in thickness), which was prepared by hollowing out the center part of a PP film (0.3 mm in thickness) placed on another PP film. Once the dispersion was dried on the mold at 60 °C for 24 h, a
HAp-nanoparticle-assembled plate (5 mm in width × 5 mm in length × 0.1 mm in thickness) was obtained. Note that the HAp plates used for the adhesion tests were in a dry state.
Synthetic hydrogels
Poly(dimethylacrylamide) (PDMA) gels (water content = 70 wt%) were prepared by solution polymerization and were used as the adherends [35] . sandwiched between glass plates and polymerized for 20 h at room temperature.
Mice tissues
All the animal procedures undertaken in this study were strictly in accordance with the Guidelines for Animal Experiments at Okayama University and the experimental protocol was approved by Okayama University (OKU-2015540). Skin, lung, heart, liver, kidney, intestine, and muscle tissues were isolated from 6 week-old female ICR mice (Japan SLC, Inc., Shizuoka, Japan). These tissues were euthanized with CO 2 gas, immersed in a phosphate buffered saline, and used within 1 h after the isolation. The skin tissues were excised from the back of the mice and were trimmed into 40 mm × 5 mm strips.
Adhesion tests
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The PDMA hydrogels prepared according to the procedure described in Section 2.4 were used immediately after being trimmed into strips (5 mm in width × 40 mm in length × 2 mm in thickness), and the surfaces that had attached to glass plates were used for gluing. Two PDMA hydrogels (with an overlapping area of 5 mm × 5 mm) were glued with 10 µL of the HAp aqueous dispersions (concentration = 1, 2, 4, or 6 wt%) or with the HAp-nanoparticle-assembled plate at a contact pressure of 120 kPa for a contact time of 30 s. The trimmed skin tissues (5 mm in width × 40 mm in length;
overlapping area = 5 mm × 5 mm) were glued with the HAp plates in the same manner, and the dermic layer side was used for gluing. As a control test, gluing was also done with pure water.
For the control test, a commercially available fibrin glue, Beriplast® P Combi-Set (CSL Behring LLC, PA, USA), was used for gluing the mice skin tissues. Note that the fibrin glue was not used for Just after the gluing, the samples were gripped to screw-type tensile jigs (346-57262-03; Shimadzu
Corp., Kyoto, Japan), whose surfaces facing the samples were covered with adhesive-backed #400 silicon carbide sand papers (Buehler, a division of Illinois Tool Works Inc., IL, USA), on a universal testing machine (Ez-test; Shimadzu Corp.) equipped with a load cell of 50 N. The gap in the grip of the tensile jig for the PDMA gels was set at 1.8 mm by gripping the sample with silicone rubber spacers 9 (thickness = 2 mm), and that for the skin tissue was set at 0.1 mm by gripping the samples without spacers. The adhesion strength tests for the PDMS gels or skin tissues were conducted by pulling the tensile jig, whose initial distance from another jig was set to 5.5 mm, at a speed of 150 mm/min [16] (Supplemental Movie). The apparent adhesion strength in this study was calculated from the force-displacement curves (Fig. S2 ) by dividing the maximum load (fracture force) by the overlapping area. Four samples were examined for each test.
The harvested lung, heart, liver, kidney, intestine, and muscle tissues were cut in half and were glued with the HAp plates (5 mm in width × 5 mm in length × 0.1 mm in thickness) at a contact pressure of 120 kPa for a contact time of 30 s.
Statistical analysis
Once the normality and homogeneity of variance were tested using the Shapiro-Wilk and Bartlett tests, respectively, a one-way variance analysis of the adhesion strengths of the PDMA gels glued with the HAp dispersions (with different concentrations) and HAp plates was carried out. The Tukey-Kramer test was used for comparing these strengths. All statistical tests were performed using R (version 3.3.2)
[36] at preset alpha levels of 0.05.
Water diffusion from PDMA gels into HAp plates
Just after a PDMA gel (5 mm × 5 mm × 2 mm) was attached to a HAp plate (5 mm × 5 mm × 0.1 mm) at the side which was parallel to the plate thickness direction, optical micrographs were sequentially taken near the interface between the PDMA gel and the HAp plate. The HAp plates were relatively transparent in a dry state. However, they turned opaque when water diffused into their pores.
The water diffusion distances inside the HAp plates (N=3) were determined after the binarization of the photographs using ImageJ software.
Histological analysis and Fourier transform infrared spectroscopy
The skin strips were glued with HAp plates, subsequently embedded in a cryosection medium, and immediately frozen thereafter. The cryosections used in this study were obtained according to a previously reported method using adhesive films [37] . These sections (thickness = 10 µm) were then fixed with paraformaldehyde and stained with hematoxylin and eosin (H&E) before being observed under a microscope. For the qualitative analysis (presence of organic materials) of the HAp plates, the attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectra were recorded after pressing the samples on a ZnSe prism equipped on IRAffinity-1S (Shimadzu Corp.) with a resolution of 4 cm -1 at 32 scans at room temperature.
Results
Adhesion of synthetic hydrogels with HAp-nanoparticle dispersions
We prepared three kinds of HAp nanoparticles with different particle sizes by wet chemical HAp nanoparticles prepared at 30 °C did not show a clear crystal elongation, and the particle size was 17 ± 3 nm (Fig. 1a) , whereas those obtained at higher temperatures showed rod-shaped morphologies and the particle size increased with an increase in the reaction temperature (154 ± 13 nm along the longer axis and 13 ± 4 nm along the shorter axis for the particles prepared at 50 °C; 585 ± 44 nm along the longer axis and 43 ± 15 nm along the shorter axis for the particles prepared at 80 °C) (Figs. 1a and 1b) .
The HAp nanoparticles prepared in this study at 30, 50, and 80 °C will henceforth be referred to as 12 nanoparticles) increased, and at a higher concentration (6 wt%), most of the PDMA glued areas were covered with HAp nanoparticles (Fig. S5) , indicating that the cohesive fracture among the HAp nanoparticles was dominant in all the cases.
Adhesion of synthetic hydrogels with HAp-nanoparticle-assembled plates
In order to improve the cohesive strength among the HAp nanoparticles, the nanoparticle dispersions were dried at 60 °C [32, 33] , and HAp-nanoparticle-assembled plates (i.e., dried porous monoliths consisting of interconnected HAp nanoparticles) were prepared (Figs. 2a-c) . The HAp plates
showed an improved adhesion strength compared to the HAp dispersions (Fig. S6) . A comparison of the initial HAp nanoparticle sizes of the plates revealed that the apparent adhesion strengths of the S-HAp and M-HAp plates were greater than that of the L-HAp plates (Fig. 2d) . Note that the PDMA gels broke near the overlapped area after all the adhesion tests with the S-HAp plates (Fig. S7) , indicating the cohesive fracture of the PDMA adherends. On the other hand, the PDMA gels inside the overlapped area were broken in some cases (50%) and in all the cases (100%) when the M-HAp and L-HAp plates were used, respectively. The SEM images of the fractured surfaces showed some dents on the gels. These dents are attributed to the cohesive fracture of PDMA. The M-HAp and L-HAp plate surfaces (Fig. S8) showed protrusions, corresponding to the dents on the gel surfaces. These results indicate the cohesive fracture of both the PDMA adherend and HAp plate in the case of the M-HAp and L-HAp plates. After the contact of a hydrogel and an S-HAp plate, the water in the hydrogel diffused into the HAp plate (Fig. 3 ).
Adhesion of mice soft tissues with HAp-nanoparticle-assembled plates
To evaluate the potential use of HAp-nanoparticle-assembled plates as soft tissue adhesives, mice soft tissues (e.g., lungs, kidney, and muscles) were isolated, cut in half, and glued with the HAp plates.
As shown in Fig. 4a , the S-HAp plates could glue a variety of mice soft tissues. In the case of the skin tissues glued with the S-HAp plates (Figs. 4b-d) , the adhesion strength was 44 ± 13 kPa, which was significantly higher than that obtained with a commercially available fibrin glue, Beriplast® (18 ± 9 kPa). The adhesion strengths of the other tissues could not be determined because of the breakage of the tissue during trimming or after gripping to the jigs.
In order to investigate the mechanism behind the adhesion of the HAp plates with the skin tissues, their histological sections were prepared. Figure 5 shows the histological sections of the skin tissues before and after gluing with the S-HAp plate and the SEM images of the overlapped skin tissue surfaces after the adhesion tests. The histological sections were stained with H&E (dark blue for hematoxylin and light pink for eosin). Once the skin tissues were glued with the HAp plate, the light pink regions corresponding to the tissue matrix condensed near the surface of the HAp plate. The SEM images also showed the condensed tissue matrix created on the surface of the skin tissues after the adhesion tests.
Moreover, some remnant fibers were observed on the HAp surface after the adhesion tests (Fig. 5b-vi) .
The ATR FT-IR results also suggested that some proteins and lipids remained on the HAp surface after the adhesion tests (Fig. 6) . These results indicate that a high affinity existed between the tissue matrix and the HAp plates.
Discussion
First, we conducted adhesion tests using a synthetic PDMA hydrogel (water content, 70 wt%)
cross-linked with MBA as a model adherend based on the method described by Rose et al. [16] using SiO 2 nanoparticle dispersions. The aqueous dispersions of HAp nanoparticles (of different sizes) with different concentrations were used as the adhesives. Note that for the same PDMA width (5 mm) and thickness (2 mm), the fracture force at the overlap length (5 mm) for the 6 wt% dispersion of 17 nm-sized HAp nanoparticles (fracture force = ~120 mN) was larger than that for the 52 wt% dispersion of 15 nm-sized SiO 2 nanoparticles (fracture force = ~90 mN [16] ). The adhesion strength was determined not only by the interaction between the adhesive particles and the adherends (i.e., interfacial failure) but also by the interaction among the adhesive particles (i.e., cohesive failure of the adhesive).
This is because the nanoparticle adhesives were not monolayered, but multilayered and consisted of accumulated nanoparticles, as discussed below. Although the concentration of the dispersion (6 wt%) in our case was quite different from that in Rose's work (52 wt%), the lower fracture load obtained by Rose Judging from the thickness (less than 43 nm) of the HAp nanoparticles and the amount (10 µL) of the dispersion under assumption of the density of HAp is 3.16 g/cm 3 [38] , an HAp concentration of approximately 0.03 wt% is sufficient to completely cover the overlapped region of the PDMA hydrogels (5 mm × 5 mm) by a monolayer of the nanoparticles. However, the adhesion strength of the PDMA hydrogels glued with the HAp dispersions with a concentration of less than 1 wt% showed no significant difference compared to the samples glued with pure water (control group). This can be explained in part by the fact that almost all the nanoparticles were pressed out from the PDMA overlapped area because of the outflow of water during the gluing (pressing at 120 kPa for 30 s) except for the L-HAp nanoparticles.
In the case of the 1 wt% L-HAp dispersion, a part of the HAp nanoparticles remained on the PDMA overlapped area possibly because of their large size and morphology; i.e., because of the smaller diffusion coefficient of the larger rod-shaped nanoparticles [39] . Eventually the remaining L-HAp nanoparticles could promote a stronger adhesion compared to the S-HAp and M-HAp nanoparticle dispersions at low concentrations of 2 and 4 wt%.
It has been shown that DMA oligomers interact with the HAp surface [40] . This interaction is believed to occur through the phosphate groups (P sites) present on the c-plane of the HAp surface [26] .
S-HAp, which did not show a clear crystal elongation, was expected to have a predominant c-plane
surface as compared to the rod-shaped HAp nanoparticles, which had large a-planes because of the elongation of the c-axis of the HAp lattice [41] . However, the degree of interfacial fracture, which was estimated from the surface uncoverage ratio of PDMA by the HAp nanoparticles (28% for S-HAp, 16%
for M-HAp, and 3% for L-HAp), was the largest in the case of the S-HAp dispersion. These results suggest that the cohesive strength among the S-HAp nanoparticles was larger than the interfacial adhesion strength between HAp and PDMA. This may be because of the larger particle coordination number of the S-HAp nanoparticles as compared to that of the rod-shaped nanoparticles. At 6 wt%, which is the maximum concentration above which the dispersions could not be applied with a pipette because of their large viscosities, the adhesion strength increased; however, the cohesive fracture of the HAp nanoparticle aggregates was dominant.
Therefore, HAp-nanoparticle-assembled plates (i.e., dried porous monoliths consisting of smaller-nanoparticle-assembled plates of 110 nm for rod-shaped-nanoparticle-assembled plates [32] ).
The capillary force between hydrophilic solid surfaces increases by decreasing their nanosized roughness [43] and pore size [44] . Hence, another reason why the S-HAp plate showed the highest adhesion strength should be the enhanced capillary binding between it and the gel.
The S-HAp plate could also be used as potential soft tissue adhesives. The adhesion strength between the skin tissues (adherend) and the S-HAp plate (adhesive) was markedly higher than that between the skin tissues and the commercially available fibrin glues (2.2 ± 1.3 kPa [45] for Tissucol® and 18 ± 9 kPa for Beriplast®). Besides, the adhesion strength for the skin tissues (44 ± 13 kPa) was higher than that for the PDMA hydrogels (8.0 ± 0.5 kPa) possibly because of the large cohesive strength of the adherends (i.e., the larger tensile strength of the skin tissues). Another reason for the improved adhesion strength for the skin tissues could be the formation of a condensed matrix layer, which seemed to be formed because of the ultrafiltration effect of the nanoporous HAp plate. Water diffused from the tissues into the plate, which had hydrophilic open pores (porosity = ~50 vol% [32] ). Prior to the attachment of the plate to the tissues or hydrogels, these pores were dry and were not filled with water.
After the attachment, water molecules diffused into these pores, whereas the larger extracellular matrix (ECM) molecules (such as collagen fibers) could not diffuse into them because of their small size (pore size = 8 nm [32] ). These ECM molecules then condensed on the HAp plate. Such a condensation is likely to increase the interaction points between the HAp surface and the ECM molecules. By taking into account the water diffusion rate and thickness (10-20 µm) of the condensed layer of the skin tissues observed in the histological section stained with H&E, it can be concluded that the condensed tissue layer formed immediately after the contact of the skin tissues with the HAp plate. In summary, the improved adhesion strength of the nanoporous HAp plate for soft tissues can be attributed to (1) the ability of HAp to adsorb onto ECM molecules [29] [30] [31] , (2) the condensation of ECM molecules by the ultrafiltration effect of the nanoporous HAp plate, and (3) the water capillary binding between the HAp plate and the adherend. Note that cyanoacrylates-or glutaraldehyde-based soft tissue adhesives have an adhesive strength an order of magnitude higher (~170 kPa [46] ) than that of fibrin glues. On the basis of the SEM observations and ATR FT-IR measurements for the fractured surface of the HAp plates (after the adhesion with the skin tissues), it can be stated that the interfacial fracture between the skin tissues and the HAp plates was dominant. Therefore, in order to improve the adhesion strength further, the surface modification of HAp nanoparticles with ion substitutions [47, 48] and/or amino acids [25, 49] should be an effective method because these modifications enhance the protein adsorption capacity and stability on HAp surfaces. Moreover, controlling the surface-induced self-assembly of ECM molecules, which affects the adsorbed structures and properties of ECM molecules (i.e., their rigidity and packing behaviors [50] ), is also important.
It is noteworthy that, in this study, HAp-sintered ceramics, which can be commonly obtained by sintering at around 1,000 °C, were not used because HAp ceramics are hardly degradable in a living body, whereas HAp nanoparticles are degradable because of their enhanced solubility [51] and endocytosis [52, 53] . The HAp-nanoparticle-assembled plates prepared by drying the HAp nanoparticle dispersions at 60 °C could not disperse completely in aqueous media even after a thorough ultrasound irradiation [33] , suggesting the generation of strong interactions between the nanoparticles after drying.
Although a high internal cohesiveness is important to enhance the adhesion strength, the biodegradability of HAp-nanoparticle-assembled plates might decrease compared with
HAp-nanoparticle dispersions. The biodegradability of HAp plates should be optimized to match the healing of the tissues of interest by controlling the initial size of HAp nanoparticles (by optimizing wet chemical precipitation conditions) and the interconnectivity between them (by optimizing dry and surface modification conditions). The use of composite materials is also believed to be an effective way to control the biodegradability as well as the mechanical properties of HAp nanoparticle based adhesives, as discussed below.
Fibroblasts are known to sense and respond to the mechanical properties of substrates [54] , and the stiffness turning of adhesives to match the soft tissues should be important to aid the repair of injured tissues [55] . Since the HAp-nanoparticle-assembled plates prepared here had a brittle nature and a much higher stiffness than soft tissues, it is important to develop HAp composites with flexible polymers. For developing such composites, a simple mixing of HAp nanoparticles with polymers will be not effective because the nanopores among the HAp nanoparticles should be buried and the hydrophilic surface of
HAp should be covered with the polymer matrix. Creating a nanoparticle coating on nanoporous biodegradable polymers would be an effective way to fabricate solid-state tissue adhesives with enhanced adhesion strength and optimized mechanical and biodegradable properties. In this paper, we reported the physical adhesion property of HAp dispersions or HAp plates to hydrogels including 20 isolated soft tissues. The biological properties of HAp composite adhesives including their wound healing ability and biodegradability will be reported in the near future.
Conclusion
The adhesion properties of biocompatible HAp-nanoparticle dispersions and nanoparticle-assembled plates were investigated. The HAp-nanoparticle dispersions and nanoparticle-assembled plates showed a convenient adhesion to synthetic hydrogels. Moreover, the HAp plates showed an enhanced adhesion to biological soft tissues. Although the HAp nanoparticle-based adhesives reported here need to be improved in terms of the adhesion strength, mechanical properties, and biodegradability for clinical applications, our results will help in developing an efficient approach to close incised soft tissues with better adhesion strength as well as biocompatibility and finding novel ways to integrate soft tissues with synthetic hydrogels (such as drug reservoirs) by using nanostructured bioceramic adhesives. 
